Abstract: A series of CoAl x Cr x Fe 2-2x O 4 systems (x = 0.1 to 0.5 in steps of x = 0.1) spinel ferrites have been synthesized successfully using wet chemical co-precipitation technique. The samples were characterized by X-ray diffraction (XRD), infrared spectroscopy (IR) and magnetization measurements. The powder XRD patterns confirm the single phase spinel structure for the materials synthesized. X -ray diffraction measurements were performed to yield the lattice constant as function of the amount x corresponding to Al-Cr substitution. Lattice parameters, X-ray density, bulk density and particle size decrease whereas porosity increases with the increase in Al-Cr content, 'x'. Infrared studies show two absorption bands at about 400 cm -1 and 600 cm -1 for octahedral and tetrahedral sites, respectively. Saturation magnetization decreases with the increase in Al-Cr content x. AC magnetic susceptibility measurements were carried out as a function of temperature to measure the Curie temperature, which was found to decrease with Al-Cr content x. The decrease of Curie temperature has been explained by A-B interaction. Sp. z o.o. 
Introduction
The development of general synthetic methods to produce monodispersed inorganic nanoparticles with a narrow size distribution is an important subject in materials science [1] . Due to the unique size and shape dependent magnetic [2, 3] , optical [4, 5] and electronic properties [6, 7] , the nanostructures can be utilized as building blocks for the next generation nanodevices. Zeng et al. [8] , for example, reported the fabrication of exchange coupled isotropic binary system nanocomposite magnets with enhanced energy product. Much attention has recently been devoted to the controlled synthesis of uniform magnetic nanoparticles because of their potential applications in high-density magnetic recording media and as major components in the magnetic fluids [9] .
Spinel ferrite nanoparticles have been widely investigated in recent years due to their specific magnetic and electrical properties. They have been used in high-density magnetic recording, microwave devices and magnetic fluids [10, 11] . Among spinel ferrites, CoFe 2 O 4 is an interesting magnetic material due to its high coercivity (5400 Oe), moderate saturation magnetization (about 80 emu g -1 ), remarkable chemical stability and mechanical hardness, which makes it a good candidate for the recording media [12, 13] .
Structural properties and magnetic interactions in Al 3+ and Cr 3+ co-substituted CoFe 2 O 4 ferrite
The magnetic properties of Al 3+ and Cr 3+ substituted cobalt ferrite have been reported separately [14, 15] , however, information about the structural and magnetic properties of co-substituted Al 3+ and Cr 3+ in cobalt ferrite, to our knowledge, is not yet reported in the literature. Hence, to investigate the properties, we synthesized CoAl x Cr x Fe 2-2x O 4 systems (x = 0.1 to 0.5 in steps of x = 0.1) by wet chemical co-precipitation technique. 3 •6H 2 O in stoichometric proportions. Thus, for x = 0, Co and Fe were in 1:2 ratio. In the present work, we kept the molarity of Co as 0.25 M and hence the molarity of Fe was 0.5 M. A 2 M solution of sodium hydroxide was prepared as a precipitant. The starting solutions were added into the precipitant solution to avoid a sequential precipitation of the hydroxides due to a high cation concentration. A resulting suspension (pH = 11) containing a dark green intermediate was produced. The two solutions were mixed with stirring while maintaining the temperature at 60 0 C, for about 1 h. Simultaneously, H 2 O 2 was added in order to bubble oxygen into the suspension and to promote the oxidation reaction, until all the intermediate precipitates changed into dark brownish precipitates of the desired spinel ferrite. The samples are filtered, washed with distilled water several times, rinsed with acetone and dried at 150 0 C under vacuum. The wet samples of Co-Al-Cr-Fe ferrites were annealed in air at 800 0 C for 24 h. The powder X-ray diffraction (XRD) pattern for all the samples were recorded at room temperature on Philips X-ray diffractometer (Model 3710) using Cu-K α radiation (λ = 1.5406 Å). The magnetization measurements of all the samples were carried out using high field hysteresis loop technique at 300 K. The a.c. susceptibility measurement on powdered samples were made in the temperature range 300-700K using a double coil set up operating at a frequency of 263 Hz and in r.m.s. field of 5 KOe.
Experimental Procedure
The particle size 't', lattice constant 'a', measured density 'dm', X-ray density 'dx' and porosity 'P', were calculated using the standard relations [16, 17] .
Results and Discussion

XRD studies
The X-ray diffractogram of all the samples are presented in Fig. 1 . The presence of planes (220), (311), (440), (422), (511) and (440) in the diffractograms confirms the formation of cubic spinel structure. The values of lattice parameter 'a' were determined using XRD data with an accuracy of ± 0.002Å and given in Table 1 . It can be seen from Table 1 that lattice parameter goes on decreasing with increasing Al-Cr content x, this behavior of lattice constant with Al-Cr content x is explained on the basis of difference in ionic radii of constituent ions. The decrease of 'a' with x is because of the fact that the larger ionic radii of Fe 3+ (0.67 Å) are replaced by smaller ionic radii of Al 3+ (0.51 Å) and Cr 3+ (0.63 Å) simultaneously. Our results are in good agreement with literature report for ceramic method [18] . It is observed from Table 1 that X-ray density decreases with increasing Al-Cr content x. This behavior of X-ray density is attributed to a decrease in mass that overtakes the decrease in volume of unit cell. The particle size calculated using the Scherrer equation is given in Table 1 . It is observed that particle size decreases with increasing Al-Cr content x. The measured density decreases with increase in AlCr content x (Table 1) . It is observed that the porosity of the present samples increases with increase in AlCr content x (Fig. 2) . The increase in porosity may be due to the decrease in particle size, which increases the grain boundaries of the particle and accordingly increases porosity.
The hopping length for tetrahedral A-site (L A ) and octahedral B-sites (L B ) are calculated using the values of lattice constant. The variation of hopping lengths in octahedral site [B] and tetrahedral (A) site with Al-Cr content x is shown in Fig. 3 . It is observed from Fig. 3 that the distance between the magnetic ions (hopping length) decreases as Al-Cr content x increases. This behavior of hopping length with x is analogous with behavior of 'a' with x, and may be attributed to the deference in the ionic radii of the constituent ions.
Using the experimental values of lattice constant 'a' and oxygen positional parameter 'u' and substituting it into equations discussed elsewhere [19] 
IR Studies
The IR spectrum of typical compositions x = 0.1, 0.3 and 0.5 is presented in Fig. 4 . Infrared spectra shown in Fig. 4 have two absorption bands at about 400 cm -1 and 600 cm -1 for the octahedral and tetrahedral sites, respectively. The absorption bands corresponding to higher and lower wave numbers are presented in Table 3 . Waldron [20] attributed the higher absorption band position (600 cm -1 ) to the intrinsic vibrations of tetrahedral complexes and the lower absorption band position (400 cm -1 ) to octahedral complexes because of the difference in Fe 3+ -O 2-distances for the octahedral and tetrahedral sites, respectively. From Table 3 , it is seen that wave number corresponding to tetrahedral vibrations decreases with increasing Al-Cr content. Further, very close to band ν 2 a small band ν 3 is observed in the range of 400-430 cm -1 . The intensity of this band appears to increase with addition of Al-Cr ions. Similar IR spectra have been reported in literature for ceramically prepared Cr substituted ferrite system [21]. These slight deviations in the positions of peaks are mainly due to the factors like method of preparation, grain size and density [22] . The force constant is second derivative of potential energy with respect to the site radius, while the other independent parameters are kept constant. The force constant for tetrahedral site (K t ) and octahedral site (K O ) were calculated employing the method suggested by Waldron [20] . According to Waldron the force constant K t and K O for respective sites are given by 
where, M 1 and M 2 are molecular weight of cations on A and B sites, respectively. The bond length R A and R B have been calculated using the formula given by Gorter [23] . In the present system it is observed that the force constants K t and K O increase with the increase in AlCr content (Table 3 ). The force constant is inversely proportional to the bond length [24] . The bond lengths R A and R B are found to decrease with Al-Cr content (Table 3 ).
Magnetization studies
In the cubic system of ferrimagnetic spinels, the magnetic order is mainly due to a super-exchange interaction mechanism occurring between the metal ions in the A and B sublattices. The magnetic properties of ferromagnetic ferrites are usually explained on the basis of magnetic interactions, A-A, B-B and A-B, present between ions. Among these interactions A-B interaction is predominant and is responsible for net magnetization of the material. The magnetic properties are dependent on the kind of metal ion situated at tetrahedral A and octahedral B site. The substitution of ion such as Al (that occupies both A and B sites) and Cr (that strongly occupies B site), results in the reduction of the exchange interaction between A and B sites. Hence, by varying the degree of Al and Cr substitution, the magnetic properties of the fine particles can be varied. It is known that Hc varies directly with porosity, aniosotropy and inversely with particle size [26] . The saturation magnetization is related to H C through Brown's Table 3 . Band position (n 1 and n 2 ), force constant (K O and K t ) and bond length (R A and R B ). Braket represents the error estimates.
relation [27] , H C = 2K 1 /µ 0 M S . According to this relation H C is inversely proportional to M S which is consistent with our experimental results. Variation of saturation magnetization and coercivity is shown in Fig. 6 . It is shown clearly in Hc -x plot presented in Fig. 6 that the Hc increased from 101 (x = 0.0) to 125 Oe (x = 0.5) with an increasing x. This is due to the fact that Hc is enhanced by enlarging the magnetocrystalline anisotropy. The energy difference between aligning the domain in the easy and another direction (hard direction) is called magnetocrystalline anisotropy energy. Anisotropy energy is the energy needed to rotate the moment from the easy direction to a hard direction. For materials with cubic crystalline structure (such as ferrites), the energy is expressed in terms of anisotropy constants and the direction to which the magnetization rotates.
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where K is the anisotropy constant, θ is the angle between the easy axis and the direction of magnetization, and α are the direction cosines, which are the ratios of the individual components of the magnetization projected on each axis divided by the magnitude of the magnetization. The magnetocrystalline anisotropy constants (K) of Al and Cr ferrite are negative, and the absolute value of K of Fe ions is larger than that of Al and Cr ferrite. The total anisotropy equals to the summation of their anisotropies. Therefore, it is increased in K with the replacement of Fe ion by Al and Cr ion, which implies an increase in Hc.
The remanant ratio R = Mr/Ms is a characteristic parameter of the material. It is an indication of the ease with which the direction of magnetization reorients to nearest easy magnetization axis direction after the magnetic field is removed. Higher and lower remanant ratio values are different aspects and accordingly decide where the material will be used. It is desirable to have higher remanant ratio for magnetic recording and memory devices [28] . The lower value of remanant ratio is indication of isotropic nature of material. It is observed that the values of R in the present case varied from 0.45 to 0.62 and shows increasing trend with Al-Cr substitution.
The values of magneton number (n B ) were calculated from hysteresis data using the following relation,
where, Mw is molecular weight and Ms is the saturation magnetization. Fig. 7 gives the variation of magneton number with Al-Cr content x. It is clear from values of saturation magnetization and magneton number that all the samples exhibit normal ferrimagnetic behavior, which decreases with increasing Al-Cr content x.
According to Néel's two sub-lattices model of ferromagnetic [29] , the Néel magnetic moment per formula unit in μ B , N B n is expressed as,
where, M B and M A are the B and A sub-lattice magnetic moment in μ B respectively. The value of Néel's magnetic moment were calculated by considering ionic magnetic moments of Fe 3+ , Co 2+ , Cr 3+ and Al 3+ with their respective values 5μ B , 3μ B , 3μ B and 0μ B and using Eq. 5. Fig. 7 shows the variation of observed values of n B with Al-Cr content x. It can be observed from Fig. 7 that observed and calculated values of magnetic moment decreases and the values are different by an order of magnitude suggesting that magnetic structure is non-collinear. Néel's two sub-lattice model can be applied as both observed and calculated magnetic moments decreases. Our results are in good agreement with literature report for samples prepared by ceramic method [18] . 
Susceptibility
The plots of χ T / χ RT against temperature for all the samples are shown in Fig. 8 . It is clear from Fig. 8 that all the samples exhibit normal ferromagnetic behavior which reduces with addition of Al and Cr. It is evident from Fig. 9 prepared by ceramic method [30] . It is further observed that susceptibility remains almost a constant with temperature which is characteristic of multi domain particles.
Conclusions
CoAl x Cr x Fe 2-2x O 4 systems for x = 0.1 to 0.5 spinel ferrites have been synthesized successfully using wet chemical co-precipitation technique. The powder XRD patterns confirm the single phase spinel structure for the materials synthesized. Lattice parameters, X-ray density, bulk density and particle size decrease whereas porosity increases with the increase in Al-Cr content x. Infrared studies show two absorption bands near about 400 cm -1 and 600 cm -1 for octahedral and tetrahedral sites, respectively. Saturation magnetization decreases with the increase in Al-Cr content x. The high value and increasing trend of remanant ratio (R) with Al-Cr substitution suggests that the material can be used for recording media. The Curie temperature was found to decrease with Al-Cr content x. The decrease of Curie temperature is due to weakening in A-B interaction. 
